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The main features of sea-surface temperature distribution are described and it is noted that most deviations of the isotherms from a zonal orientation are the result of advective and convective effects. In the Subarctic region the salinity structure of the upper layer determines the depth of convective overturn whereas in the Subtropic region it is determined by the thermal structure. From a standpoint of largescale atmosphere-ocean interaction, the equatorial region appears to be of primary importance. Some recent studies, for example, show that the sea temperature anomalies in this region could well influence climate in the middle and higher latitudes as well as in the lower latitudes. A suggestion is made as to which areas of the Pacific Ocean could benefit from an intensive study.
Heat transport by ocean currents
Up to now I have made very few comments about the ocean that are likely to interest many meteorologists. However, a certain amount of background information on currents and transports is a prerequisite to the understanding of the heat transport by ocean currents -which is of interest to them! As is evident from the preceding section our knowledge of the water volume transport is still very incomplete. Even the estimated volume transports given are based on results that employ dissimilar methods, thereby making a meaningful comparison of transports difficult. Our knowledge concerning the transport of heat by ocean currents in the Pacific Ocean and elsewhere is disappointingly poor indeed. I shall attempt to make references to the few studies that have been made in the past for the North Pacific Ocean only, as no study has been made for the South Pacific Ocean. An early estimate of the heat transport in the North Pacific indicated that the mean oceanic heat transport was poleward and was, on the average, only 10% of that transported by the atmosphere (Sverdrup, 1957; Houghton, 1954) . Hence it was considered that the North Pacific Ocean was not an effective transporter of heat from the equatorial region poleward. However, the heat budget studies by Pattullo (1957) and Wyrtki (1965) both indicated that there was a net influx of heat from the atmosphere 1 Invited lecture for the 9th CMS Congress, Vancouver, B.C., 27-29 May 1975. 2 For part I see Atmosphere 13, to the ocean in the region north of the Equator, the former giving an estimated heat gain of 1.0 X 10 19 g-cal/day and the latter, of 2.6 X 10 19 g-cal/day. Further, Bryan (1962) , using the NORPAC data of August 1955 (NORPAC Committee, 1960) , and considering the geostrophic transport values as well as using the heat-balance maps compiled by Budyko (1956) and Albrecht (1960) , estimated that there was an equatorward transport of heat equivalent to 1.8 X 10 19 g-cal/day at latitude 32°N. Since Bryan's estimate is for a particular latitudinal belt and since the transport values were for August 1955, his result is not expected to represent an annual average and is probably fortuitous. Even at Station P (50°N, 145°W) there appears to be a net annual heat gain (Tabata, 1965) , although here it is possible to overcome the heat surplus by loss of heat through upwelling of cold water and by advection of cold water. Although both Bryan (1962) and Wyrtki (1965) proposed that the heat is transported equatorward, the former considers that this can occur in the upper 1500 m depth while the latter believes that this occurs mainly in the upper layers above the thermocline and that the heat surplus is balanced by a circulation in the meridional plane involving ascending movement of the water.
The earlier estimates by Sverdrup (1957) , together with the early and more recent numerical models of the ocean-atmosphere climatic models Bryan et al, 1975; Manabe et al., 1975) , all indicate a net poleward transport of heat. Further, Vonder Haar and Oort (1973) , using an improved estimate of the radiative flux values from satellite observations, have re-estimated the heat flux into the ocean and have concluded that the net oceanic heat transport is indeed poleward and much greater than had previously been determined. They added that in the region of the maximum net transport by the ocean-atmosphere system, between 30° and 35°N, the ocean transports almost half as much (4.7 X 10 19 g-cal/day) as the atmosphere and that at 20°N as much as % of the atmosphere poleward heat transport. This means that the relative importance of the ocean in the transport of heat has been vastly increased.
Jung (1952) , in a earlier study of the heat transport of the Atlantic Ocean, suggested the possible importance of considering the meridional circulation in the vertical plane in order to obtain the proper estimate of the heat transport. This has further been voiced by Bryan (1962) , who points out that the mean currents in the vertical plane, though relatively slower than those in the upper layers, may dominate heat transport in the oceans. In the Subarctic region the upper Ekman layers of the ocean are divergent and therefore we can assume that any surplus heat may be neutralized, at least partly, by the upward movement of cold de«p water, as has been proposed for Station P. However, the Ekman layer in the Subtropic region is convergent and we cannot assume upwelling of cold, deep water there. Thus, if in this area there is still an incoming surplus heat, some other type of influx of cold water, other than due to upwelling, needs to be involved. In the Pacific Ocean there is an inflow of cold, deep water originating in the Antarctic Ocean which flows northward, as mentioned earlier, and it is possible that if a sufficient amount of this flow enters S. Tabata ii Fig. 12 Comparison of the observed change of heat content in the upper 120 m of water at Ocean Station P (50°N, 145°W) with the calculated heat flux across the air-sea boundary (kcal.cm-2 /month).
the North Pacific the surplus heat could be balanced out. But this would probably require a much larger northward transport of deep water than has been estimated. Hence, it may be necessary to propose a northward transport at some intermediate levels as well. The overall heat transport in the North Pacific must be equatorward and it is difficult to imagine it otherwise. So if the advective and convective effects in the ocean cannot balance the heat surplus that appears to occur, it must be concluded that the surplus incoming heat flux into the ocean might be overestimated.
Distribution of sea surface temperature
In the absence of advective and convective effects in the ocean, caused by the large-scale horizontal and vertical transport respectively, the temperature of the ocean will be governed primarily by the heat exchange occurring across the atmosphere-ocean boundary. At Station P in the Northeast Pacific Ocean (Tabata, 1965) and elsewhere where advective effects are relatively small, but away from the tropical zone (Gill and Niiler, 1973) , the temperature of the upper layers of the ocean varies in direct response to the heat input. An example of this is shown in Fig. 12 . This illustration does, however, suggest that during the autumn and winter advective effects could be appreciable. If the heat exchange across the air-sea boundary alone is important, the isotherms would extend zonally across the ocean and would show a gradual decrease from the equatorial to the polar regions. But the observed distribution of temperatures in the upper layers of the ocean is never this simple. A few illustrations will be shown to exemplify this.
The General Circulation of the Pacific Ocean Laviolette and Seim, 1969 , while those for the most of the South Pacific are based on charts prepared by Defant, 1961 , which are likely to be based on data collected prior to 1940. Fig. 13a shows the average winter (February) sea surface temperatures for the Pacific Ocean. As with the distribution of sea surface temperatures at other times over the world ocean this figure is practically all based on data obtained by merchant ships, again emphasizing the large contribution they have made to oceanography. When the distribution of sea surface temperatures of the North Pacific and equatorial belt based on earlier data are compared with those based on more recent data, the general distribution of temperature depicted in both distributions are found to be similar with one exception -the recent chart shows that the equatorial belt is approximately 1°C warmer than the earlier one but it is not known whether this increase is statistically significant or not.
It is evident from the distribution shown in this figure that the isotherms occur more or less zonally but not quite so. In the North Pacific, north of 40°N they are shifted poleward along the eastern side and slightly equatorward on the western side, but south of 40°N they are shifted in the opposite direction, Laviolette and Seim, 1969 , while those for the most of the South Pacific are based on charts prepared by Defant, 1961 , which are likely to be based on data collected prior to 1940.
equatorward along the eastern side and poleward along the western side. Similar shifts are evident in the South Pacific except that the shifts along the western and eastern sides are more pronounced than in the North Pacific as indicated by the 25°C isotherms. There are other features of the distribution. For example, the warmest water in the equatorial belt is along the western side, and here the water is warmer to the south of the Equator while it is warmer to the north on the eastern side. Also, the eastern part of the Equator is characterized by a belt of relatively cool water. Moreover, between 30° and 40° in both oceans the isotherms are more closely spaced along the western than on the eastern side of the ocean, particularly off Japan; the isotherms diverge in the temperate latitudes along the eastern side in both the North and South Pacific. Finally, a body of cool water is present off the coast of Northern Peru (to the South of the Equator) and off Guatemala (to the north of the Equator); a belt of warm water occurs between the Equator and 10°N along the eastern
The General Circulation of the Pacific Oceanend of the equatorial belt. Along the western end of the equatorial belt the body of warm water is centred along 10°S and extends well along the western side of the ocean. We shall attempt to explain the occurrence of these features by a qualitative consideration of the advective and convective effects. The presence of the warmer water along the western end of the equatorial belt is probably due to the westward drift of water produced by the Trade Winds, while the occurrence of the warmer water to the south of the Equator can be attributed to the general southward-blowing winds during the northern winter. The presence of the cooler water along the eastern end is partly due to the intrusion of colder water carried equatorward by the Peru current and partly due to the upwelling caused by the southerly winds that blow along the Pacific coast of South America and the northerly winds that blow along the west coast of Central America. The occurrence of cold water along the northern coast of Peru is no doubt associated with the upwelling induced by the offshore Ekman transports. The poleward shift of the isotherms along the western end of the tropical and subtropical regions is attributed to the poleward flowing currents while the equatorial shift along the eastern side is attributed to the equatorward flow of the currents. The marked north-south gradient of temperature off the coast of Japan can be explained by the fact that the poleward-flowing warm Kuroshio water meets the cold equatorward-flowing waters of the Oyashio in this region. The poleward shift in the isotherms in the temperate latitudes along the eastern side is attributable to the wind-driven circulation that results in transport of warmer water poleward.
In Fig. 13b the distribution of the average surface sea temperature for the summer (August) is shown. As was the case for the winter distribution, the earlier charts show that the distribution for the North Pacific and the equatorial belt is similar to the recent one, except that the recent chart again shows that the water in the equatorial belt and the tropical region is about 1°C warmer than indicated in the earlier distribution. Although the gross features of the pattern of sea surface temperature distribution for the two seasons are alike, there are recognizable differences in addition to the obvious changes caused by the seasonal variations in the heat flux across the atmosphere-ocean interface. Again, as was the case for the winter, the western sides of the equatorial and tropical regions are warmer than along the eastern side. But in contrast to the winter condition, the warmest water is found to the north of the Equator along the western side as well as along the eastern side. The presence of the warmer water along the western side can again be related to the effect of the westward transport of water along the equatorial belt and also to the fact that the eastern side is kept cooler by the effect of upwelling. The reason, however, for the presence of a warmer water north of the Equator is uncertain. Perhaps it is due to the increased strength of the Southeast Trades that occur along the western side during this time. The equatorial belt is again characterized by the presence of cooler water which, during this time, extends further to the west. While the equatorward shift in the isotherms is perhaps even more marked than during the winter along the eastern side, the poleward shift along the western side is only evident in the North Pacific. In fact in the South Pacific the shift, which is evident only off the eastern coast of Australia, is equatorward. The marked shift of the isotherms in the North Pacific is probably related to the shift of winds, for during the summer the winds are southerly along the western side and northerly along the eastern side. The occurrence of cold water along the coast of North America is no doubt due to the effect of upwelling resulting from the offshore Ekman transport. The presence of a tongue of relatively warm water some distance away from the coast of British Columbia rather than along the coast is due to the modifying influence of coastal upwelling upon the poleward transport of warm water in the region.
The tongue-like distribution of warm-water off Japan is likely due to the poleward transport by the Kuroshio, and a similar tongue lying in the vicinity of the Hawaiian Islands is probably formed as the California and North Pacific Currents feed into the North Equatorial Current. The reason for the occurrence of a body of warm water off Guatemala is unclear. It is probably due to the failure of the California Current to extend this far and to the absence of a northward extension of equatorial upwelling. There might possibly also be other explanations for its occurrence. The marked equatorward shift of the isotherms to the west of the South American coast is likely to be associated with the northward transport of cooler water from the south by the Peru Current. Similarly, the equatorward shift of the isotherms off the west coast of the United States is due to the advective effects of the California and North Pacific Currents. Although the presence of cooler water along the Equator is attributed to the effect of upwelling, there is also the possibility of this cooling to be due partly to the intrusion of the cold water from the South. But whether or not this cold water can have an influence so far north is uncertain. The winds along the Pacific coast of South America are from the south during the summer as well as in winter and can therefore cause upwelling throughout the year. Thus the appearance of the cold water along this coast is also likely to be associated with upwelling. The equatorward shift of isotherms in the vicinity of the northern Pacific side of Australia is probably produced by the southerly winds that occur during the southern winter.
The distribution of sea surface temperature discussed above is based on average conditions based on many years of observations. No doubt, there will be appreciable variations of the temperatures at the various locations from one period to another. The year-to-year and other long-term changes of temperatures can be attributed to the corresponding changes in the heat flux across the atmosphere-ocean interface. However, it is evident from the foregoing discussion that changes in the horizontal transport could contribute to significant temperature changes. Moreover, such changes could also result from changes in the intensity of convective mixing which will be discussed subsequently.
Intense interest in the anomalies of sea surface temperatures began after the sequence of extraordinary events that took place in the Pacific Ocean during [1957] [1958] . Widespread warming of the ocean occurred along the Pacific coast
The General Circulation of the Pacific Ocean of North and South America and was evident further offshore to at least the location of Station P. Elsewhere in the Pacific other dramatic events occurred: El Nino occurred along the South America coast (El Nino is associated with the intrusion of warm water off the coast of Ecuador and Peru occurring at intervals varying from 4 to 14 years); the area off Point Barrow, Alaska was ice-free at the earliest time in its history; in the countries along the western side of the Pacific rim, the tropical rainy season lasted six weeks beyond its usual period; Hawaii recorded its first typhoon (California Department of Fish and Game, Marine Research Committee, 1960) ; the migration route of salmon returning to the usual spawning river changed; larger numbers of pelagic warm-water species of fish were found along the coast of Oregon, Washington and British Columbia. As is shown in Fig. 14, the anomalies of monthly mean sea surface temperatures recorded from a station along the British Columbia coast and at Station P (based on 22-year means ) indicated a pronounced warming along the eastern side of the Pacific Ocean. Similar anomalies were present in the early 1940's and in 1963 along the coast. At Station P, some degree of warming is present in 1972 as well. It is interesting to note that warming also occurred along the South American coast in the early 1940 's, in 1965 but not in 1963, although at other parts in the mid-Pacific equatorial region warming in 1963 was evident (Bjerknes, 1969) . The finding that lower temperatures along the eastern side of the North Pacific during 1950, 1952, 1954 through 1956 are reflected in the coastal temperatures of South America, leads one to conclude that the anomalies are probably caused by large-scale global events. It has been shown by Uda (1967) and more recently by Favorite and McClain (1973) that these warm anomalies in the North Pacific migrate eastward. For example, they were first detected along the western North Pacific in 1955 and then finally appeared along the coast of North America in 1957-58. At Station P the 1957-58 warming was not only evident at the sea-surface but also occurred in the upper few hundred metres (Tabata, 1965) .
Subsequent to the 1957-58 warming, anomalies of monthly mean sea surface temperature of the eastern North Pacific and the equatorial region have been prepared regularly. In addition, since June 1973 much of the area of the North Pacific and equatorial regions of the eastern South Pacific are compiled and distributed by NOAA (Eber and Miller, 1974) . An example of the latter is shown in Fig. 15 for the month of August 1974. In this illustration the largest anomalies are 2°C. In other years anomalies as large as 4°C have been noted to occur in the equatorial region. The main feature of the anomalies shown is that they generally occur over relatively large areas. For example, the negative anomalies stretch from an area off the California Peninsula to the equatorial area some distance south of the Hawaiian Islands. Sandwiched between the two negative anomalies is a broad belt of positive anomalies, with maximum positive temperature anomaly lying in an area just south of the Hawaiian Islands. The largest positive anomaly occurs in a small area along the coast of Colombia. Examination of similar charts containing these anomalies [1948] [1949] [1950] [1951] [1952] [1953] [1954] [1955] [1956] [1957] [1958] [1959] [1960] [1961] [1962] [1963] [1964] [1965] [1966] [1967] for the North Pacific and Equatorial Pacific (Adapted from Eber and Miller, 1974) .
indicates that some of them will persist for several months while others are short-lived. The extrapolation of sea surface temperature anomalies from one region to another may be misleading if too much extrapolation is made. For example, the small positive anomaly noted for Station P (Fig. 14) is part of a larger area to the north and west of Station P which has not yet reached the coast. Therefore, use of coastal sea surface anomalies to reflect the open area conditions of the offshore region could be quite dangerous.
The anomalies of monthly mean sea surface temperatures are now compiled regularly so that it is possible to utilize them for monitoring or for predictive purposes. However, up until recently the only locations where the oceanic properties in the deeper layers were observed routinely in the North Pacific were at the Ocean Weather Stations. Now there is only one, Station P, that makes year-long observations. Analysis of the thermal structures in the upper few hundred metres of the ocean at Station P (50°N, 145°W), Station V (34°N, 164°E) and Station N(30°N, 140°W) have indicted that, at Station P and Station N, the anomalous temperatures at the surface led in time to similar anomalies in the deeper levels. At Station V, on the other hand, downward propagation from the surface was absent (White and Walker, 1974) . Their analysis also indicated that during much of the decade of the 1950's the anomaly developments at the three stations were well correlated with one another. During 1954 to 1961 the anomalous thermal structures at Station P and Station N fluctuated in phase with each other but were out of phase with the structures at Station V. During the decades of the 1960's the ordered relationship disappeared completely. Such relationships or non-relationships are not unexpected, however, as the three stations are located some distance away from one another. Moreover, it can be expected that some large-scale events may influence the conditions at all stations, while a smaller scale event would only influence the conditions at one or two of the stations.
How effective these sea surface temperatures are to the overlying atmosphere will probably depend on how persistent the anomalies are with depth. Clearly, a "thick" positive anomaly can have in storage a greater amount of heat than a thinner one. The bulk of the heat available for the overlying atmosphere is generally contained within only the upper 100 m or so of the surface. Since most of the heat entering the ocean is stored during the heating season in this layer, the processes governing the changes in the thermal structures in the upper few hundred metres will be important to the study of the interaction between the atmosphere and the ocean.
For the remainder of the discussion we shall only use information obtained from the Subarctic and Subtropical region as more data are available from there. It will not be unreasonable to assume that similar processes governing changes of the thermal structures in the North Pacific should be applicable to the corresponding regions of the South Pacific.
There are two main oceanic regions north of the equatorial belt -the Subarctic Pacific region and the Subtropic Pacific region. The so-called Subarctic Boundary separating these two regions is located at about 40°N over most of the North Pacific and lies close to the great circle route between San Francisco, U.S.A. and Yokohama, Japan. The Subarctic region is featured by the presence of relatively cool water and a surface layer whose salinity is relatively low at the surface (precipitation exceeds evaporation). It possesses a distinct halocline between depths of 100-200 m in which the salinity increases markedly with depth. Below this, the salinity increases with depth more gradually as shown in Fig. 16a . During the summer a secondary halocline is present at a depth of between 30 m and 50 m. While the upper 100 m of the water column here is isothermal in winter, a noticeable increase in the temperature takes place during the warming season and a marked thermocline forms at the depths of the secondary halocline. Below this the temperature decreases gradually with depth. It is possible that the upper layer of the ocean here can get colder than the water in the 100-200 m level when intensive cooling occurs during the winter. In Fig. 16a , the temperature is shown to decrease with depth in the Charnell et al, 1967a Charnell et al, , 1967b upper 30 m although it is more common to observe an upper isothermal layer of thickness 20-50 m. In the depth range between 100 and 500 m, the temperature changes little with depth and frequently one or more inversions are present. The temperature then decreases gradually to 3 to 4°C at 500 m and to 1.5°C at the ocean floor. In the Subarctic region, however, it is the salinity, not the temperature, which determines the vertical density structure and therefore determines the stability of the water column -at least in the upper 500 m.
It should be noted that, because of the presence of the marked halocline, the winter convective overturn is unable to mix the water deeper than the halocline. Hence, it is possible that the upper layer of the ocean will continue to cool if heat loss from the sea surface is occurring. Only through erosion of the halocline by intense evaporation at the surface can such an effect be altered.
In the Subtropic region, evaporation exceeds precipitation so that no marked halocline is formed. In fact, the salinity generally decreases gradually to a minimum at a depth varying between 200-600 m, below which it gradually increases. An example of the water structure here is represented by the data shown in Fig. 16b taken approximately 1600 km south of Station P. The temperature structure of the upper 100 m depth is similar to that encountered in the Subarctic region: that is, it is isothermal in winter but has a marked thermocline between depth 30 m and 50 m in summer. Another similarity is that the upper 30 to 50 m is usually isothermal though this is not indicated in this particular figure. There are differences, however. For one thing, the thermocline, though less intense than its Subarctic counterpart, continues to a greater depth. In addition, because of the lack of a definite salinity gradient in the halocline, and because the salinity decreases with depth rather than increases as it does in the Subarctic region, the thermal structure of the water here is necessarily determining the stability of the water column. It must then also determine the extent to which convective mixing can penetrate. Further to the south -approximately 1100 km to the south of the previous location (north of the Hawaiian Islands) but still in the Subtropic region -the salinity can take on another feature as shown in Fig. 16c . Here the salinity can increase with depth between the depth of 50 m and 130 m from where it decreases with depth, as was the case for the previous location. Another difference between the salinity structure of these latter two locations is that the rate of salinity decrease in layers between the depth of 150 m and 300 m is considerably greater in the more southern location. Also, the thermal structures are different. In the more southern area, the summer thermocline in the upper 100 m joins the other permanent thermocline and appears as one broad thermocline. The density structure here is again determined by the thermal structure at a depth greater than 100 m but in the upper layer the small halocline present can be effective in controlling convective mixing. However, this halocline is not large enough to impede vertical mixing and once broken by excess evaporation over precipitation, the extent of the convective overturn would then be governed by the thermal structure. (The above three examples were taken from data taken along the meridian between longitude 145 °W and 160°W. In a section either west or east of this, slight differences from the structures can be ex-pected, but the essential characteristics as shown here for the two main regions are considered representative.)
The Subarctic region is also characterized by a net annual heat loss, particularly off the coast of Japan, where the Kuroshio waters become exposed to colder, drier air, especially in the winter. The average long-term annual heat loss off Japan has been estimated to be as high as 200 g-cal cm~2/day, but further east at the longitude of the International Date Line and along the Aleutian Islands there is no net annual loss (Wyrtki, 1965) . At Station P an annual gain of about 66 g-cal cm 2 /day has been estimated (Tabata, 1965) . Except off the east coast of Japan the region receives more fresh water by precipitation than loss by evaporation (Jacobs, 1951) .
In the Subtropic region there is generally a net annual heat gain by the ocean except in an area east of the Hawaiian Islands and off the west coast of Colombia to the north of the Equator. This region is also featured by net water loss due to excess evaporation over precipitation, except to the north of the Equator where appreciable excess precipitation over evaporation occurs (Jacobs, 1951) .
As already stated, the convective overturning in both the Subarctic and Subtropic regions can extend to a depth of 100 m or more. Since within these limits the extent of the overturn is governed by the seasonal changes of the forcing functions -the forced convective mixing due to wind and wave stirring and free convective mixing due to the excess evaporation over precipitation and heat loss -it will be useful to examine the seasonal changes of the thermal structures and see if there are similarities or contrasts between the two main regions.
To illustrate these, the monthly changes in thermal structure at the three ocean stations will be considered: Station P (50°N, 145°W), Station V (34°N, 164°E), (% of the way between the Hawaiian Islands and Japan); and Station N (30°N, 140°W), (half way between San Francisco and the Hawaiian Islands). Station P, as you may recall, is in the Subarctic region where there is an average annual heat gain of 66 g-cal cm~2/day and excess precipitation over evaporation of 25 cm/year. Station V, located in the Subtropic region close to the Subarctic Boundary, is in an area where there is an annual heat gain of 50 g-cal cm-2 /day (Wyrtki, 1965) and an annual loss of water by excess evaporation over precipitation of 80 cm/year (Jacobs, 1951) . Station N, also in the Subtropic region, lies west of the path of the California Current. It is in an area where there is no significant annual heat gain and where the annual water loss due to excess evaporation over precipitation has been estimated by Jacobs to be also 80 cm. Recent estimates of precipitation at Station N (Dorman et al., 1974) , however, have yielded a value that is only one-half of what Jacobs has suggested. If true, revision of the annual water loss would be nearer to 100 cm than 80 cm.
A comparison of the monthly changes in thermal structure at the three locations (see Fig. 17) shows that, despite the difference in their locations, the seasonal changes of the thermal structures are similar, except that the annual range of temperature at Station N is the smallest and at Station V the largest. (Ballis, 1973c) .
At the three Stations the minimum temperature is reached in March and the maximum in August or September. But the heat content is at a maximum in September in all cases. In many other areas the surface temperature reaches a maximum in August, but it is likely in these areas that because the heat is distributed to greater depth, the heat content is at a maximum in September despite the lower surface temperatures. There is some evidence that the extent of the convective overturn, as inferred from the structures in March, is tens of metres greater at Stations N and V than at Station P. Detailed time sequences of the salinity structure are only available for Station P. They show that, during the summer months, the salinity in the upper 30 m or so decreases and can be completely accounted for by consideration of the gain of fresh water by excess precipitation over evaporation (Tabata, 1965) . The salinity generally increases from September to March and this is mainly due to the convective overturn which mixes the less saline water of the upper layers with the more saline water lying below.
It has been shown, at least for the summer months in the Subarctic region, that the upper mixed layer is produced by wind mixing, the depth of the mixed layer being primarily a function of wind speed (Tabata et al., 1965) . Even as close as 300 km to the coast of Washington state, this relationship holds (Halpern, 1974) . During the cooling season between September through March the effect of free convection superimposed on that of forced convection is evident (Tabata, 1965) . A variety of models proposed recently (Denman, 1973; Denman and Miyake, 1973; Pollard et al, 1973) seem capable of predicting the deepening of the mixed layer depth in summer due to forced convection but a satisfactory model incorporating the effect of free convection has not yet been formulated.
While the heat content of the upper 100 m or so of the water column is determined mainly by the heat flux across the atmosphere-ocean boundary, it is the effect of convective mixing that permits the thermal structures to assume their characteristic features. Similarly, the fresh water flux at the air-sea boundary determines the salt content of the upper layers but again it is the convective mixing that gives the salinity structure its characteristic features.
The horizontal transport of water can also affect the thermal structure. However, it is unlikely to affect the main thermal structure unless a different water mass intrudes into the area, as often occurs in the region of the KuroshioOyashio convergence zone. Generally speaking, the vertical transport resulting from the horizontal divergence or convergence of the wind-driven transport probably can alter the structures to a larger extent than can the horizontal transports. Along the coast and at the Equator, the Ekman transport can be effective in drawing water from the greater depths and altering the structure. In the open ocean and away from the Equator, the curl of the wind stress can be effective in raising or lowering the depth of the thermocline (Yoshida, 1967b; Robinson, 1968) . But these effects are not likely to be readily observable in a time scale of days, except in the presence of violent storms; nevertheless, they might be detectable over periods of months.
It has been shown at Station P that in order to maintain the observed salinity and temperature structures it is necessary to bring in colder, more saline water to the upper layers. Slow upwelling of water at speeds of the order of 10 to 20 m/year would be sufficient to maintain the salinity structure but would only account for 10-20% of the surplus heat. Much of the surplus heat at Station P can be removed by the influx of cold water from a region west to northwest of Station P (Tabata, 1965) . One could assume that under steadystate conditions, the slow diffusion of heat and fresh water downward can be balanced by this steady, slow upwelling. In other areas of the Subarctic region having similar climates, similar processes should prevail.
Because the halocline prevents vertical mixing from penetrating beyond 150 m, the redistribution of heat in the upper mixed layer should not vary greatly in the Subarctic region from year to year. However, in the Subtropic region this restriction is removed and given sufficient cooling and evaporation during the autumn and winter, mixing may reach depths much beyond those shown in the examples. Should such changes in the convective overturn occur, the temperature of the upper mixed layer would decrease further, not only from heat loss at the surface, but because of the colder water being upwelled from below into the upper layer. However, by so doing, the warmer water of the upper layers are now mixed into the lower layer, so that the lower layers will experience an increase in temperature, thus storing heat for possible future use. It follows that the intensity of convective overturn, especially in the Subtropic and likely also in the Tropic regions, will have important bearings on the temperature of the upper layers of the ocean, and one should consider it when attempting to account for temperature anomalies. The relatively cool summers and the warm winters we experience along the Pacific coast of the northwestern United States and British Columbia are attributable, respectively, to the presence of cold water along the coast due to upwelling and to the presence of relatively warm water in the North-east Pacific off our coast. The cool climate along the Peru-Chile coast is associated with the cooling effect caused by upwelling and by the influx of cold water from the Antarctic region. These examples are familiar to practically all of us. The occurrence of a poor rice crop in northern Japan is apparently due to the presence of cooler weather associated with the intrusion of the cold Oyashio water from the north during periods of northerly winds. This effect is so well known in Japan that in the country there is a saying that "the poor harvest comes from the sea".
However, it was not until 1959, when Namias (1959) first suggested there may be a close interaction between the atmosphere and the ocean and that the ocean climate might affect the mean general atmospheric circulation over the North Pacific Ocean, that intense interest in the large-scale air-sea interactions really took root. He drew attention to the possible large-scale influence of the Pacific Ocean on the climate of continental North America and concluded in his study that anomalously high sea-surface temperatures were the result of anomalous atmospheric circulation patterns over the Pacific Ocean and that high ocean temperatures in turn, strongly influenced the overlying atmospheric circulation. Bjerknes (1966a Bjerknes ( , 1966b pursued this problem of large-scale air-sea interaction and was the first to suggest that the Pacific Ocean temperature anomalies may have even a greater impact on the circulation of the northern hemisphere, or for that matter on the globe. In his studies related to the warming of water along the Pacific coast of South America in 1957-1958, he suggested the following sequence of events that led from one locality to larger areas:
1. Southeast Trades weaken along the eastern side of the Equatorial Pacific; 2. Upwelling along the Equator ceases, which then 3. Leads to warming of the upper layers of the eastern Equatorial Pacific; 4. This then leads to the warming of the overlying atmosphere; 5. Convection over the Equator intensifies, which results in 6. Increased precipitation; 7. The warmer than normal equatorial area results in the acceleration of the Hadley circulation and to the transport of absolute angular momentum to the subtropical jet stream at a faster rate than normal. 8. The continued poleward flux of absolute angular momentum and its downward flux in the belt of the surface westerlies results in an intensification of the westerlies in the North Pacific; 9. The Subtropical High is then shifted to the south and with the strong westerlies developed, the Aleutian Low intensified during the winter of 1957-58; 10. This then leads to a large-scale downwind effect carried by the upper westerlies, which then 11. Leads to the weakening of the Icelandic Low and sets the stage for a cold winter in northern Europe.
However, Doberitz et al. (1967) have cast some doubt regarding some of Bjerknes' interpretations. More recently, Ramage (1970) has suggested that the sequence of events also leads to the extension eastward (from the east of the dateline) of the near-equatorial trough in both hemispheres. Moreover, he suggests that the development of depressions in the troughs, which successively develop farther eastward, results in a reversal of the normal direction of the pressure gradient along the Equator. The westerlies that then develop progressively from the west, being convergent, result in the rising of air and the heavy rainfall associated with it.
A course of events similar to those for the winter of 1957-58 was repeated in 1963-64 and 1965-66 in the equatorial Pacific (Bjerknes, 1969) . In a more recent study, Bjerknes (1972) further strengthened the validity of his hypothesis by noting that the subtropical westerly jet was stronger in 1965 compared to 1964 and that the Aleutian Low had been displaced westward from 1964 to 1965. He further pointed out that the circulation in the midlatitudes can also be affected by the heat transported by the Kuroshio. The importance of upwelling in the equatorial Pacific to the atmosphere has been given further emphasis by Flohn (1972) who demonstrated its attendant influence on cloudiness and rainfall in the area. Namias (1962 Namias ( , 1963 Namias ( , 1969a Namias ( , 1969b has subsequently produced a variety of studies related to the large-scale atmosphere-ocean interaction. In one study, Namias (1969a) asserts that the large changes in the monthly mean atmospheric circulation over the Pacific and Atlantic Oceans, which frequently occur in the autumn are partly due to the influence of extensive areas of unusually warm or cold waters generated during the antecedent summer. In another study, Namias (1966) related the occurrence of droughts in the northern United States during 1962-65 to the effect of large-scale air-sea interaction over the Pacific Ocean at that time.
In such phenomenological air-sea interactions in which an oceanic event may lead to an atmospheric event or vice-versa, it is difficult to conclude which event was initially responsible for the chain of events that followed. Dubin (1973), for example, found a close relationship between the North Pacific sea surface temperature anomalies during the 1960's and hail damage in Alberta. But he was unable to ascertain whether the marked reduction in hail damage for the summers of 1962 through 1967, associated with the southward shift of the jet stream maximum, was due to the sea surface temperature anomalies or whether the mechanism responsible for the anomalies caused the reduction in the hail damage.
The meridional atmospheric teleconnections over the North Pacific during the period from 1950 to 1972 have recently been examined by White and Walker (1973) who found that large-amplitude year-to-year variations in the strength of the Aleutian Low during 1950-63 were generated independently of the convective activity at the Equator. On the other hand, the small-amplitude year-to-year fluctuations during 1964 to 1972 were closely connected. Thus, the large-scale relationship between the events in the Equator and the higher latitudes are still not as clear as some investigators have proposed.
While much of the large-scale air-sea interaction studies have been centred on a large area of the North Pacific, Japanese investigators have considered the oceanographic conditions in the Bering Sea to be of primary importance for climatic changes in Japan -so much so that in the past they had conducted oceanographic surveys in these northern waters and on the basis of the results predicted the yield of the Japanese rice crop (M. Hanzawa, personal communication) . The importance of the Bering Sea to the climate in Japan in late spring is apparently related to the presence of cold water there which results in the formation of a trough in the troposphere over the Bering Sea. This in turn stimulates the formation of a low-level anticyclone (Okhotsk High) which then advects colder air over Japan (Okawa, 1974) . Furthermore, the accompanying increase in the northerly winds would likely strengthen the Oyashio, thereby augmenting the cooling of the water and the overlying atmosphere in the vicinity of Japan.
Another example of the possible influence of the ocean on climatic change has been proposed by Weyl (1968) . In his hypothesis, Weyl emphasizes the importance of oceanic salinity. He argues that changes in the surface salinity distribution of the world ocean can, by changing the extent of sea ice in the North Atlantic and Antarctic Ocean, lead to climatic changes -including a drastic change such as the coming of an ice age. His arguments are as follows:
If the North Atlantic Ocean were to have a surface salinity as low as the Pacific Ocean, a large part of the North Atlantic Ocean would be covered by ice due to the effect of salinity on the freezing point of sea water. Because the sea ice alters the heat balance of the atmosphere, firstly because of the increased albedo of the sea surface covered by ice and secondly because the presence of sea ice impedes the transfer of heat between the atmosphere and the ocean, there will then be a reduction in warming in the polar seas. This will then lead to the cooling of a large area of the Northern European Continent because of southward shift of the Icelandic Low.
A reduction in the salinity of the Atlantic Ocean could be accomplished if it were possible to reduce the westward transport of water vapour across the Isthmus of Panama from the Atlantic. At present, this water vapour precipitates and falls on the eastern side of the Pacific. Weyl (ibid.) quotes Deffeys (personal communication) who claims that the water vapour transport is equivalent to a transport of fresh water from the Atlantic to the Pacific amounting to 1/10 of a sverdrup -equal to 10% of the discharge of all the rivers of the world! So, if the vapour transport were reduced drastically by some atmospheric anomaly, the Atlantic would have a lower salinity and therefore a more extensive ice cover would ensue. Weyl further showed that the events leading to the "Little Ice Age" tend to confirm his hypothesis.
We have quoted some examples of the possible effects of the ocean on the climate. Most of the studies are conceptual in nature and, although some evidence has been provided to back the hypotheses, none have been adequately tested. A recent numerical study by Rowntree (1972) , using the 9-level hemispheric model of atmospheric circulation developed at the Geophysical Fluid Dynamics Laboratory (in Princeton, U.S.A.), has been used to test Bjerknes' hypothesis that the variations of the sea surface temperatures in the eastern part of the Equatorial Pacific are responsible for the variations and intensity of the Aleutian Low. The numerical results indeed showed that, given a maximum anomaly of 3.5°C for the sea surface temperature, the hypothesis can be confirmed. However, the model utilizes a "wall" at the Equator and such a "wall" can distort the wind and temperature field in the higher latitudes (Miyakoda and Umscheid, 1973) . For this reason, Ramage and Murakami (1973) argue that the test is not complete. Despite the deficiencies in the model, it is a first attempt to show numerically that the sea surface anomalies can cause a change in the general circulation. The hypotheses of Bjerknes and Namias should be further tested by a more complete model.
Of course, part of the difficulty in relating the oceanic events to those of the atmosphere can be attributed to the different response time of the ocean from that of the atmosphere. In the numerical experiments of the atmosphere-ocean coupled model, the atmospheric circulation would stabilize in about a month while the ocean would not stabilize fully even when the model was run for the equivalent of two hundred years. The other difficulty is the cost of initial capital investment in procuring a large computer system and the expense to run it. However, such a study is essential, as large-scale climatic changes can have drastic economic consequences and our ability to predict these changes certainly should help mankind.
Summary and conclusions (parts I and II)
Our knowledge of the distributions of surface currents and sea surface temperature is more complete than that of other quantities, principally because of the greater amount of data. These data are mainly based on information collected by merchant and naval vessels of the world's maritime nations. However, because the merchant ships ply well established routes there are obvious gaps in the data they collect. Nevertheless, this information has been of enormous help to oceanographers, despite the fact it is not always accurate. Improvement upon the quality of the data gathered would be of immense value.
The mean velocities of the major current systems are all we have at the moment, except for a few currents such as the Kuroshio and some of the equatorial currents about which we have some vague ideas concerning their seasonal fluctuations. At present, the only area where surface currents are being observed regularly is within 500 km of the Pacific coast of Japan.
There has been only one comprehensive study made of the water movement in the intermediate layers of the Pacific Ocean. Yet, the motion in these layers is likely to have profound effects upon the water mass transport and heat transport. It is of particular importance that the latter be determined correctly if we are to resolve the problem of the direction of heat transport so vital to the consideration of the heat exchange between the atmosphere and the ocean. Where the currents of the deep bottom-water have been estimated, there is a general consistency amongst the results; however, the oceanic areas covered by the data is so limited that a complete picture of the deep water circulation is still unavailable. Although the volume transport has been estimated for many of the major currents, assumptions used to obtain the integrated transport above an arbitrary "level of no-motion" are by no means consistent. Further, some transports are based on the geostrophic transports and have had to be modified to accommodate the current speeds measured at large depths. Others are based solely on measured current velocity values. This makes it difficult to make a meaningful comparison between the various transport values.
There has been only a limited number of studies conducted on heat transport in the Pacific Ocean. Some of the results are even in conflict as to the general direction of transport, whether it is toward the Equator or toward the pole. Those who have proposed an equatorward flow in the upper layers of the ocean have invoked a circulation in the meridional plane involving ascending movement of water which is, at the present time, little known or understood. If circulation in the vertical plane is to be considered, it is almost certain that, in addition to the wind-driven circulation that we have been emphasizing, we must also consider the thermohaline circulation resulting from differential heating and cooling, from differences in evaporation and precipitation and from the freezing and melting of sea ice. Another problem associated with the estimate of oceanic heat transport is the limited accuracy of heat flux computations. An error of more than 10% is to be expected in the estimates of radiational flux and even more in the turbulent flux. Such errors are liable to affect the calculation of heat gain or loss, as the heat surplus calculated for the North Pacific is only about 10% of the incoming solar radiation alone.
Thus, the two items, the determination of circulation in the meridional plane and the upgrading of heat flux estimates, deserve careful study.
A variety of numerical models of ocean circulation have been produced to examine the ocean currents. Most of these models reproduce results that agree with the observations in some regions but not in others. At the moment the model results are not much better than those obtained from the application of the classical wind-driven circulation theories. One of the more important findings of the coupled ocean-atmosphere circulation is the long response-time indicated for the ocean compared to that for the atmosphere. While the modelled atmospheric circulation resembled the observed circulation in a matter of months, the ocean circulation did not stabilize even after the model had been run for a few hundred years.
The main features of the distribution of sea surface temperature have been described and it was pointed out that the deviations of the isotherms from a zonal orientation were due to advective and convective effects.
The discussion of the thermal and salinity structures is based on a few examples from the Subarctic and Subtropic regions. It was shown that the seasonal changes in the oceanic thermal structures are similar in the upper 100 m or so. It is pointed out that in the Subarctic region at least, the thermal structures are governed by the heat flux across the air-sea boundary and by the degree of convective mixing, and less so by horizontal water transport. Further, while the salinity structure in the Subarctic region determines the depth to which the winter convective overturn can penetrate, in the Subtropic region it is the thermal structure that plays a leading role in determining the depth to which overturn could penetrate. In addition to the above, vertical transport of water resulting from the divergence of the Ekman transport might have some influence in determining the heat content in the upper layers of the ocean. The Subarctic region is a divergent zone, and therefore upwelling of water can reduce the amount of heat in upper layers. Near the coast, the Ekman transport away from the coast can accomplish the same thing, but in the open water the vertical transport is related to the curl of the wind stress. Near the Equator, the Ekman transport away from the Equator can also result in cooling.
The most conspicuous seasonal changes in wind velocity appear to occur in the western side of the Equatorial Pacific. However, there seems to be only a few comprehensive studies to clarify the possible changes of currents that result from the reversal of winds there. From studies conducted along the Eastern Equatorial Pacific, changes in the general location of the wind field, such as changes in the position of the Intertropical Convergence Zone, rather than the intensity of winds, appear to be of greater importance to the distribution of ocean circulation in that region.
Although sea surface temperature anomalies over relatively large areas are present in various locations in the North Pacific Ocean, the largest anomalies occur in the equatorial region where it is not uncommon to observe an anomaly of ±4°C.
Large-scale phenomenological air-sea interaction studies conducted in the past, focussed their attention on the equatorial anomalies. Although these studies are in their early stages of development and therefore have deficiencies, at least one numerical study has indicated that the hypotheses proposed on this subject may have some substance. No doubt many of the hypotheses deserve testing by various methods, amongst which numerical modelling may be most promising.
From the standpoint of the possible influence of ocean currents upon the climate there are certain regions that require attention. The termini of the various equatorial currents seem to be some of the most important regions as the events there would determine the amount of heat that would be available for poleward transport. The degree to which the Peru Current affects the temperature of the lower latitudes of the eastern South Pacific Ocean will depend upon how much of the eastward-flowing South Pacific and Antarctic Circumpolar Currents is diverted poleward. The Kuroshio is a source of heat in the North Pacific Ocean but its dominant influence may be considerably modified by the southward-flowing cold Oyashio. Because of the importance of the Bering Sea in influencing the climate of Japan and its possible influence on the overall North American climate as a consequence of variations in its ice cover, the amount of warm Pacific water entering the sea should be important to climatological studies.
In closing, I wish to state that this present review is far from complete. I have attempted to update the present status of our oceanographic knowledge as much as possible, but in my haste to include some of the recent developments I have probably omitted other pertinent information which should have been considered. I have deliberately made little reference to the many important studies of the Atlantic Ocean as its inclusion would have made this review much too long. I do not believe that I am understating the case if I say that our knowledge of the ocean circulation is still in the early stage of development. In fact, it was only over two and one-half decades ago that the large Equatorial Under-current was discovered. The South Equatorial Countercurrent was discovered within the last two decades, and, although not all the oceanographers agree to its existence, there is sufficient data to indicate that some type of eastward flow is present. In the eastern Subtropic region, the possibility of there being a Subtropical Countercurrent has been suggested, and, although there is a body of evidence indicating its occurrence, more data are needed to confirm its existence. There are probably other appreciable currents that we are not yet aware of. Also our knowledge and the understanding of the meridional circulation in the vertical plane is still very poor and the thermohaline aspect of the circulation is still ignored in most numerical models. All of these need to be studied by our collective effort if we are to apply our oceanographic knowledge to the consideration of the ocean's impact on the climate.
